The lateral line system is a 'distant-touch' sensory organ in fish and amphibians that detects water motion and pressure relative to the animal's body [1, 2] . This allows for predator and prey detection, object avoidance and social behaviors, such as schooling and sexual courtship [3] . The lateral line comprises a series of individual neuromasts -cell clusters containing mechanosensory hair cells that are innervated by afferent and efferent neurons and surrounded by nonsensory support cells ( Figure 1A ,B) [4] [5] [6] . Lateral line hair cells also share structural, functional and molecular similarities with the hair cells in the vertebrate inner ear [7, 8] . The lateral line system has become increasingly popular as a model for studying the coordination of cell migration and morphogenesis, in addition to its use for studying hair cell biology relating to human hearing and balance disorders.
Much work in recent years has focused on the lateral line system of the zebrafish (Danio rerio) [9, 10] , whose accessibility on the surface of the body has allowed easy visualization for live imaging. In particular, recent studies have examined how chemokine, fibroblast growth factor (FGF), and Wnt signaling pathways translate localized signaling events into coordinated cellular behaviors [11] [12] [13] . Lateral line hair cells have also been the focus of studies on hair cell death [14] [15] [16] [17] , regeneration [14, [18] [19] [20] and innervation [21, 22] . Studies of hair cell formation during neuromast maturation and during regeneration have begun to uncover the processes that regulate tissue homeostasis.
Development of the Posterior Lateral Line
The lateral line system of zebrafish encompasses two major branches: an anterior lateral line located around the head, and the posterior lateral line that runs down the length of the trunk and tail. The posterior lateral line arises during development by the deposition of neuromasts by a migrating primordium [23] . The posterior lateral line primordium forms between 19 and 25 hours after fertilization just posterior to the developing ear from the lateral line placode, one of several ectodermal thickenings that give rise to sensory structures of the head [24, 25] . The anterior cells of the posterior lateral line placode become the posterior lateral line ganglion, the neurons that will innervate lateral line hair cells and convey information to the adjacent hindbrain. The posterior cells form the primordium, a mass of over a hundred cells that migrates caudally to the tip of the tail, depositing clusters of 20-30 cells as neuromasts in its wake at regular intervals of every 5-7 somites ( Figure 1C ). This process results in 5-6 primary neuromasts (L1-L6) being positioned along the trunk and tail as well as 2-3 terminal neuromasts formed from the fragmentation of the primordium at the tip of the tail [6] . The growth cones of axons of the lateral line ganglion migrate along with the primordium, innervating neuromasts as they are deposited [23, 26] .
The migrating posterior lateral line primordium shows a segmental pre-pattern along the axis of migration, with cells in the trailing region organized into distinct rosettes of cells, each corresponding to a protoneuromast that is later deposited, and the leading third remaining unpatterned [9, 11, 12] . Cells within the rosettes exhibit a distinct morphology with a radial arrangement, apical constriction and basally positioned nuclei. Cells behind the leading edge become columnar epithelia and undergo apicobasal polarization before actin-rich membranes become constricted and apical junction proteins become enriched into focal points to form rosettes [12, 27] . The cell polarity regulators Lethal giant larvae 2 (Lgl2) and its ortholog Lgl1 control the maturation of the apical junction belt essential for rosette organization [27] .
Polarization of the primordium along its anterior-posterior axis is critical for migration. The two chemokine receptors cxcr4b and cxcr7b are differentially expressed in the cells of the primordium. Migration is directed by differential interactions between these chemokine receptors with their ligand SDF1a, which is expressed in a narrow stripe along the horizontal myoseptum, the path of migration [6, [28] [29] [30] [31] [32] . The roles of chemokine signaling in lateral line patterning have been recently reviewed in detail elsewhere [9] .
The graded maturation of protoneuromasts within the primordium is also reflected along the axis of migration (Figure 2 ). This process can be thought of as analogous to an assembly line, with protoneuromast rosettes being passed in conveyor belt-like fashion towards deposition at the trailing edge. The gradient of maturation is established during the initial outgrowth of the primordium, with protoneuromast rosettes being added sequentially from the leading end, and migration commencing once two to three rosettes are formed [11] . The onset of neuromast deposition is associated with the generation of a fourth rosette behind the leading edge. This cyclical process of new rosettes being generated in the leading zone soon after the deposition of neuromasts continues throughout primordium migration ( Figure 2) .
Cells near the leading edge of the primordium have been proposed to act as a progenitor zone for protoneuromast production. This hypothesis was tested by following cell fates of a small cluster of labeled cells in the leading edge [11] . After migration was completed, the majority of cells in posterior neuromasts as well as the terminal clusters had originated from the labeled cells near the leading edge. This progenitor zone model is also supported by analysis of proliferation along the primordium, with elevated levels of proliferation toward the leading edge and quiescent cells towards the trailing edge [33] .
Regulation of Neuromast Formation and Primordia Migration
Several recent studies have shed light onto the molecular mechanisms regulating the regional organization of the primordium and its migration -in particular, interactions between FGF and Wnt/b-catenin signaling [11] [12] [13] . FGF signals are critical for patterning the primordium into rosettes, while Wnt/b-catenin signaling regulates patterning partly by modulating FGF signaling. If FGF signaling is blocked, the primordium becomes disorganized after the deposition of a single neuromast, and primordium migration ceases [11, 12] . Furthermore, the transition to columnar morphology behind the leading edge is lost, and cells remain flattened similar to those of the leading edge [12] . Blocking FGF signaling prior to posterior lateral line primordium formation did not inhibit formation or initial migration of the primordium, suggesting its primary role may be in the generation of protoneuromast rosettes [11] . Consistent with this idea, excess rosettes formed after ectopic expression of FGF [12] .
FGF3 and FGF10 act synergistically to mediate FGF signaling in the posterior lateral line primordia. Both ligands are expressed near the leading edge in a position suitable to regulate the generation of protoneuromast rosettes, and are downregulated in the trailing edge with additional foci of FGF10 expression in one or two cells in the centers of the trailing rosettes ( Figure 3A) . Inactivation of both FGF3 and FGF10 replicated the phenotype observed with FGF inhibition, whereas loss of either ligand alone showed only mild primordium disruption [11, 12] . Expression of the receptor FGFR1 and the downstream target pea3 is complementary to that of FGF3 and FGF10, with high expression levels in the trailing zone, but absent at the leading edge and downregulated in the FGF10 foci ( Figure 3A ) [11, 12] , indicating that FGF signaling is active in the trailing zone, but absent from the leading zone.
Mosaic analysis demonstrated that regulated FGF signaling is critical for the proper timing and spacing of neuromast deposition [11] . When wild-type cells are transplanted into primordia deficient in FGF3/10 signaling, they are able to recruit host cells into rosettes and restore neuromast deposition. However, because wild-type cells were differentially incorporated into the primordium, protoneuromast production was variable and the number and distribution of deposited neuromasts were, therefore, randomized. These results suggest a model where proper spacing of neuromasts along the trunk is controlled by the rate of protoneuromast production within the primordium, a process tightly controlled by FGF signaling. The Wnt signaling pathway plays an important role in regulating FGF signals [13] . Constitutive Wnt/b-catenin activation results in upregulation of FGF3 and FGF10, while conversely, FGF expression is decreased when Wnt/b-catenin signaling is reduced. Expression of the Wnt/b-catenin target genes lef1 and axin2 is normally restricted to the leading zone ( Figure 3A) , thus supporting the hypothesis that Wnt/b-catenin signaling regulates FGF expression in this region. The FGF inhibitor sef is also regulated by Wnt signaling. Normally expressed in the leading zone ( Figure 3A) , sef is ectopically expressed in trailing cells upon FGF inhibition or Wnt/b-catenin activation and downregulated by Wnt/b-catenin inhibition [13] . Furthermore, FGF signals feed back to the Wnt pathway to limit its action [13] . The Wnt/b-catenin inhibitor dkk1, which is expressed immediately adjacent to the leading zone of Wnt/ b-catenin signaling ( Figure 3A) , is absent upon FGF inhibition. Therefore, there is a negative feedback loop in which FGF signaling inhibits Wnt/b-catenin through the inhibitor dkk1 (Figure 3B ), thus spatially restricting Wnt/bcatenin to the leading zone in the migrating primordia [13] . Likewise, upregulation of FGF3/10 in embryos with blocked FGF signaling is caused by expansion of Wnt/b-catenin activity [11] [12] [13] .
Alterations in Wnt signaling have consequences on primordium migration and indirectly on neuromast patterning through its regulation of FGF signaling. In a zebrafish mutant for APC, a negative regulator of the Wnt/b-catenin pathway, individual cells in the trailing zone of the primordium randomly tumble and stall migration and a band of disorganized cells is deposited at the trailing end [13] . When Wnt/ b-catenin signaling was inhibited during migration, primordia continued to migrate to the tail tip without the generation of rosettes. Thus, Wnt/b-catenin activation is not required for migration, but primordium migration is inhibited by its constitutive activation [13] . Identification of the Wnt ligand involved and determining its distribution will help clarify how this signaling pathway acts to regulate lateral line primordium patterning.
Wnt/b-catenin and FGF signaling have been suggested to regulate primordium migration by controlling the polarized expression of the chemokine receptors cxcr4b and cxcr7b. FGF inhibition or constitutively active Wnt/b-catenin signaling [11, 13] result in ectopic expression of cxcr4b in the trailing cells and the absence or reduction of cxcr7b. Inhibiting Wnt/b-catenin signaling, however, has no effect on cxcr4b expression, but expands cxcr7b into the leading zone, thus suggesting that Wnt/b-catenin signaling at the leading edge is responsible for inhibiting cxcr7b expression and maintaining polarized expression ( Figure 3B ) [13] . Direct tests of these regulatory interactions and the control of migration await further study.
A recent study [34] showed that inactivation of kal1a blocked primordium migration, reduced neuromast deposition, and blocked full extension of the sensory neurons. kal1a is one of the zebrafish homologues that encode the Anosmin-1a extracellular matrix protein responsible for the X-linked form of Kalmann syndrome -a disease impairing cell migration and axon elongation -and has been hypothesized to be an enhancer of FGF signaling [35] . Expression of kal1a is similar to that of cxcr4b, high in the leading zone and downregulated at the trailing region ( Figure 3A) , but independent of CXCR4b/SDF1a signaling. However, migration appears to be synergistically blocked by moderate depletion of both kal1a and sdf1a, suggesting that anosmin-1a is an essential cofactor in SDF1a-mediated signaling [34] . Interestingly, deficient FGF signaling has been found to be involved in a form of Kallman syndrome, suggesting that the link between FGF and kal1 may be conserved in lateral line patterning [35] . Hair Cell Precursor Specification, Differentiation and Regeneration In zebrafish, neuromasts are mature with functional hair cells by three days after fertilization [9] and vary in size from approximately 8 to 20 hair cells by five days after fertilization [5, 14, 18] . Sensory hair cells are surrounded by nonsensory support cells, with basal nuclei and apical projections that intercalate between the hair cells [4] ( Figure 1B) . The support cells are in turn surrounded by mantle cells which form a rind around the neuromast [17, 20] . The hair cells within the neuromast are polarized in the plane of the epithelium [36] , with the kinocilium at the tall end of the staircase of stereocilia defining the direction of mechanosensation [37] . During neuromast development, divisions of the hair cell progenitors produce pairs of hair cells with opposite hair-bundle polarity, resulting in two sets of hair cells across a plane of mirror symmetry [19] . The hair cell bundles of some neuromasts are oriented parallel to the body axis, while others are oriented perpendicular to it [19] . Individual afferent neurons form synapses only with hair cells of only one orientation type, both within a single neuromast and across multiple neuromasts ( Figure 1D ) [21, 22] .
As neuromasts grow and mature, new hair cells are constantly added as others perish [38] . In addition, hair cells can be regenerated after they have been artificially eliminated by exposure to toxic compounds. Lateral line hair cell regeneration is rapid, with near complete renewal by 72 hours after hair cell damage [14, 15, [18] [19] [20] [21] [22] 38] . The number of new hair cells generated highly correlates with the original number of hair cells prior to removal [18] , indicating that there are mechanisms that limit hair cell numbers. Bromodeoxyuridine (BrdU) labeling reveals that many of the new hair cells are produced from proliferative precursors [14, 18, 20] . New hair cells of opposite hair bundle polarity arise in pairs from single divisions [19] and afferent neural contacts are promptly reestablished with new hair cells of the same polarity as those originally innervated.
Some of the signals that are required for rosette organization within the migrating primordium are also necessary for proper specification of hair cell precursors [11] . Previous studies have shown that FGF signaling drives the genesis of hair cells in the zebrafish inner ear through the activation of the bHLH transcription factor atoh1a [39] . In the migrating primordium, expression of atoh1a and the Notch ligand deltaA is progressively restricted to a single central hair cell precursor at the trailing end and the deposited neuromast, whereas notch3 is expressed in the presumptive support cells ( Figure 3A ) [40, 41] . Inhibition of atoh1a blocks lateral line hair cell formation [11, 41] . Expression of atoh1a, deltaA, and notch3 were all absent in embryos deficient in FGF3 and FGF10 [11] . By contrast, hair cells and support cells were able to differentiate when Wnt signaling was perturbed [13] .
To test if FGF regulation of primordium organization and cell specification are independent processes, cells lacking FGF signaling were transplanted into wild-type embryos [11] . Even though the FGF-signaling deficient cells were able to incorporate into all neuromasts, none differentiated into hair cells, indicating that FGF signaling is necessary for hair cell, but not support cell, specification [11] . However, protoneuromast organization is also not dependent upon the differentiation of hair cell precursors, as embryos lacking atoh1a function show proper rosette organization and neuromast deposition, and no change in FGF10 or pea3 expression [11] . These results suggest that FGF signaling acts independently to regulate the organization of rosettes and the specification of hair cell precursors within the rosettes [11] . Similarly, multiple independent roles are also observed for Anosmin-1, where in addition to the migration defect, kal1a may also have a role in hair cell differentiation or precursor specification [34] . This later role is in accord with continued expression of kal1a seen in the deposited neuromasts [34] .
The restriction of atoh1a and deltaA within the migrating primordium is the result of lateral inhibition by Notch signaling [40, 41] . Reduction in atoh1a function results in the broadening of its expression domain, as would be predicted from the loss of deltaA expression [11, 12, 39] . Blocking Notch signaling during primordium migration also expands the atoh1a expression domain [12] . This phenotype is similar to that of the zebrafish mind bomb (mib) mutant, which is defective in Delta processing [40] [41] [42] . Failure of lateral inhibition in mib mutants results in expanded atoh1a, deltaA, and deltaB domains in the migrating primordium, while notch3 is restricted from a greater number of cells at the trailing end. Consequently, excess hair cells are produced at the expense of support cells [40] . Neither perturbation of atoh1a function nor alterations in Notch signaling result in deficits in neuromast production or primordium migration, suggesting that they act downstream of FGF signaling to regulate hair cell differentiation [11] .
Notch signaling also plays an important role during hair cell regeneration [18] . Perturbation of Notch signaling has no effect on the mature neuromast in the absence of damage. Expression of notch3, deltaA, and atoh1a is elevated within the first 24 hours after hair cell death, during the time of peak precursor proliferation. Inhibition of Notch signaling results in the overproduction of hair cells by increasing and prolonging proliferation following damage. These results suggest that Notch signaling is required to limit the amount of support cell proliferation in order to limit hair cell numbers during regeneration [18] . This type of feedback inhibition provides a mechanism for regulating the size of regenerating neuromasts and may provide the basis for the observation that the number of regenerated hair cells correlates with the number present prior to damage. Notch signaling may thus act as a quiescence signal during both development and regeneration.
Conclusions
Although much progress has been made in identifying signaling pathways that regulate lateral line development and their cross-regulatory interactions, many questions remain. A major area of research revolves around the translation of signals into cell biological processes that regulate cell behaviors. These include the cellular processes that regulate collective migration and how chemokine signals coordinate the movement of all the cells in the primordium. How Wnt and FGF signals regulate the changes in cell polarity associated with formation of protoneuromasts will also be of interest. In addition, the separation of neuromasts from the primordium remains a process that is largely unexplored; presumably, differential adhesion must coordinate cohesion of neuromast cells as they dissociate from the migrating primordium. A second major question is to what extent these pathways are used during secondary growth. The lateral line system continues to expand with production of new neuromasts into the adult [43] [44] [45] . It will be interesting to determine to what extent alterations in primordium patterning through changes in signaling contribute to the diversity of lateral line patterning found in different fishes [46] [47] [48] .
